The paper assesses the sustainability of fuelwood production in regard to REDD+ in southern Burkina Faso. Data collection included a review of the forest management plans, an inventory of 135 plots in addition to silvicultural observations in three Forest Management Units. Fuelwood production data exceeded data from approved management plans by 50%. The conversion of forests to farmlands was observed in two parcels in addition to bush fire and grazing activities -an indication that minimum safeguard measures were not respected. The use of chain saws, capacity strengthening, political will and the effective implementation of approved management plans can all ensure the sustainability of fuelwood production.
Introduction
In Burkina Faso, an estimated 80% of the population depend on wood energy. It has been forecast that households will depend increasingly on fuelwood and charcoal during the next decade [1] . Despite the use of Joint Forest Management (JFM) through the participation of local communities [2] , the sustainability question has become important because of challenges posed by climate change. Sustainable management of forests means conserving their benefits, for both present and future generations [3] ; but many of the world's forests and woodlands, especially in the tropics are not managed sustainably [3] . In some countries the problem is the lack of appropriate forest policies, legislation, institutional frameworks and incentives to promote sustainable forest management (SFM). Other countries lack technical capacity. Even where approved management plans could ensure sustainable fuelwood production, ineffective implementation inspired by corruption and lawlessness causes failure, as seen in Central Africa [4] .
In Burkina Faso, JFM or collaborative forest management (CFM) was introduced in the 1980s by the then Ministry of the Environment and Water Resources with financial and technical support from a joint FAO and UNDP project [5] . The main objective of JFM in Burkina Faso is to secure sustainable fuelwood production for household energy demand in both the cities and villages [6] . Furthermore, JFM in Burkina Faso was also intended to meet a wider range of socio-economic and ecological needs such as poverty alleviation through off-farm income, rural development and biodiversity conservation [7, 8] . A recent study in Burkina Faso based on expert assessment raises concern on the sustainability of fuelwood production, since demand continues to increase [1] .
If forests are a key source of greenhouse gas emissions and community forests under different forms of management constitute a quarter of all those in developing countries, it is difficult to tackle climate change without bringing these forests into REDD+ 1 [9] . A key challenge is therefore to generate value from forestlands without overharvesting timber or converting to other uses, such as agriculture and pasture [10] . In principle, JFM areas can support the continuous provision of fuelwood to communities while maintaining the sustainability of other ecosystem goods and services [11] .
In Burkina Faso, over 80% of the population depends on fuelwood as the main source of household energy [1, 12] ; other energy sources are little used if at all. In the period 2003-2007, the use of gas and electricity increased slightly from 5 to 8% [13, p. 249] . The use of Burkina Faso's National Biodigester Programme has not yet been well related to questions of costs, promotion of biodigesters and encouragement to make good use of them, with reliable maintenance especially in rural areas [14] . There is also some debate about the social consequences and impacts of biofuel development on the land -both the question of deforestation and competition for fertile agricultural land or pasture for livestock [15, p. 5326] . The soils and climatic conditions in the south-western regions of Burkina Faso offer greater opportunities for rain-fed agriculture, fuel wood supply, forest and tree products, fodder supply, etc., compared to the country's central and northern regions, which suffer from periodic drought [16, p. 3] .
But jatropha does not need fertile land; it flourishes in degraded and saline land. It does not compete with other uses. Jatropha curcas is an excellent biofuel crop that thrives even in poor soils and drought stress conditions [17, p. 23, 18, p. 26] . Its cultivation requires simple technology and comparatively modest capital investment. Therefore, land degradation and energy security concerns in developing countries have focused renewed attention on Jatropha [17, p. 23] . Burkina Faso also has ample crops and livestock residues for biogas production. An average of 6 cattle in the case of Rwanda provided enough cow dung for use as digester feedstock for household biogas production [19, p. 412] . Biogas dissemination in developing countries has been promoted by many governments and non-governmental organizations [19, p. 402 ]. EverGaz -a company specializing in the production of biogas brought together stakeholders in the livestock industry 12-15 September 2017, for the SPACE 2017 conference at Rennes in France. The aim was to promote biogas as a means of achieving energy security.
Nevertheless, the dominant source of energy for cooking is fuelwood and charcoal for 76.3% of the households in Ouagadougou, the capital city [12] . Although the Chantier d'Aménagement Forestier (CAF) model in Burkina Faso operates with approved forest management plans (FMPs), there are few studies on the sustainability of fuelwood production. Previous studies have focused on challenges of decentralized forest management, factors influencing access to forest products and participation in JFM [5, 20, 21] . Since all FMUs in the study area are now at different stages in their second rotation cycle, it becomes imperative to assess the sustainability of fuelwood production. This study focuses on three FMUs in Cassou zone, southern Burkina Faso and reviews the FMPs with emphasis on data from both fuelwood production and approved management plans. Additional data were collected through forest inventories and field observations and the paper offers recommendations for policy on the basis of the findings.
Conceptual background
According to the International Tropical Timber Organization (ITTO), SFM is a 'process of managing forests to achieve one or more clearly specified objectives of management with regard to the production of a continuous flow of desired forest products and services, without undue reduction of its inherent values and future productivity and without undue undesirable effects on the physical and social environment' [23] . Accordingly, our study focuses on the sustainability of fuelwood production in JFM units in Burkina Faso by comparing data on approved management plans to that of fuelwood production data together with forest inventories and silvicultural observations.
Assessing the sustainability of fuelwood production requires a set of guiding principles [24] . The criteria [C] and indicators [I] used here are ones developed by the Centre for International Forestry Research (CIFOR) [25] . They have been used to evaluate sustainability in other forestry management cases also [24, 26, 27] .
The C & I in this study assessing the sustainability of fuelwood production in Burkina Faso are as follows: (1) allowable cut (AC) of wood as approved in FMPs, (2) logged volume (LV) of fuelwood production data, (3) tree diameter vs. age of parcels, and (4) silvicultural observations and other activities found within the FMUs, e.g. farmlands, grazing, etc. The difference between the AC and LV within an FMU, can either reduce or increase harvesting intensity of wood which is likely to affect the number of trees, basal area, or cubic metres of logged wood per ha [25, 27, 28] .
Sustainable fuelwood production in this study implies the following: (1) logged volume of wood should not exceed the allowable cut of wood as prescribed in the management plans, (2) tree diameter of logged FMUs is expected to decrease as the rotation year increases. For example, parcel 1 logged in year one is expected to have trees of age 14 at the end of the fifteen-year rotation period, and (3) FMUs should be void of farming activities, uncontrolled grazing and unauthorized burning/bush fire.
Materials and methods

Description of study area
This study was conducted in three FMUs of CAF Cassou located in the Ziro Province of Southern Burkina Faso ( Figure 1 ). The study area lies between latitudes 11°35′-11°55′ north and longitudes 2°00′-2°25′ west of Burkina Faso and is located in the South-Sudanian climatic zone with temperatures ranging between 30 and 40 °C. The topography of this region consists of slightly undulating plateaus with altitude ranging between 260 and 360 m above sea level [29] . The South-Sudanian zone receives the highest amount of rainfall in the country that fluctuates between 800 and 1000 mm per year.
The north and central regions of Burkina Faso are exposed to drought and arid conditions which have provoked human migration to the southwestern regions. These offer better opportunities for rain-fed agriculture and an all-year-round supply of fodder for livestock [30] . Approximately 70% of the population in Burkina Faso is rural and depends on agriculture and livestock [6] . This movement concerns two ethnic groups: Mossi from the Central Plateau and the Fulani from the northern region. The Fulani rear cattle as their main livelihood activity [31] , and in the last four decades, this ethnic group have increasingly demonstrated interest in the cultivation of cereals such as sorghum, millet, sesame, etc.
The soil types are silty clay cambisols [32] which support tree growth with very little input. The vegetation includes dense savanna woodlands (savanna forests), sparsely wooded grassland, and shrubby forest lands [33] . There also exist some riverine compositions of gallery forests along water courses and swampy/marshy areas, supporting different tree species and vegetation types. The dominant tree species include Acacia species, Combretum species, Detarium microcarpum, Anogeissus leiocarpus, Burkea africana, Diospyros mespiliformis, Pteleopsis suberosa, Prosopis africana, Daniella oliveri, Diospyros mespilformis [34] .
The CAF model: A review of the forest management plans
Forest management units-CAFs-within the framework of JFM were designed with the objective of combating unorthodox forest exploitation for fuelwood. In this model, each FMU ranging between 2000 and 4000 ha is divided into fifteen parcels of various sizes based on the number of trees and standing wood volume [5] . The partitioning of FMUs is designed to correspond to a rotation period of fifteen years. In principle, if parcel number 1 is logged in the first year, the tree age is expected to be at least fourteen years at the end of the rotation cycle-a time frame considered sufficient for the logged parcels to have regenerated and attained the required wood volume before the next rotation cycle begins [35, 36] . Minimum safeguard measures to ensure sustainability in fuelwood production include selective logging rather than clear cutting because only trees with a diameter (at breast height) ranging between 10 and 25 cm are approved to be logged. In addition, logging should be through a slant cut at 15 cm above the ground (see Figure 2 ) in order to facilitate regrowth of stumps. Only 50% of the merchantable volume of wood in a parcel is allowed to be logged while logged parcels are to adopt prescribed burning while being protected from grazing for at least 3 years. Parcels with fewer than 200 trees/ha should not be harvested and should be improved through direct seeding [35, 36] .
A coppice management method was adopted because the tree species are indigenous and possess the ability to regenerate naturally [29] . CAF Cassou consists of twelve FMUs partitioned into two; East and West and located in three administrative departments (Cassou, Bakata and Goa) across twenty-five villages in the Ziro province. In collaboration with the state's forestry and environmental service, the FMGs govern and manage the technical responsibility of CAF Cassou as guided by the FMPs. A technical team of forest engineers and technicians is responsible for implementing the approved management plans and also for fostering activities that promote biodiversity conservation and environmental protection [37] .
Data collection and processing
Primary and secondary data were collected using different methods. The technical director of CAF Cassou made available the FMPs and data on fuelwood production from 1991 when this model became operational. The management plans were reviewed and members of the FMGs were contacted as resource persons for additional data on silvicultural practices, sources of disturbance in the forest and institutional challenges confronting JFM in the region.
A stratified method based on age class was used in the selection of FMUs that were inventoried (see Figure 1) . During the forest inventory, data were collected on specific aspects. Each FMU is further divided into 15 parcels and in our study three sample plots were selected for tree inventory from each parcel. Based on this logic, 45 plots were inventoried in an FMU giving a total of 135 plots for the three selected FMUs. With assistance from the Centre for International Forestry Research (CIFOR) in Ouagadougou, Burkina Faso, shapefiles having the boundaries of FMUs and their various parcels were introduced into Google Earth.
In Google Earth, the select tool was used to select a total of three points in each parcel with the first plot selected at 50 m from the road or the edge of the parcel and the second and third points at a distance of 100 m from each other. This exercise was repeated for all the 3 FMUs and the data were saved and uploaded into a Global Positioning System (GPS) mobile device (Garmin 62s). The GPS mobile device was then used to trace all the corresponding points in the field. Where the selected point within a plot fell on a thick bush or marshy land, the nearest possible location away from that physical obstacle was selected in any direction for the inventory. The collected data were analysed using Microsoft Excel Version 2013 and the results presented as figures and tables.
Results
Allowable cut (AC) vs. logged volume (LV)
Results indicated that total logged volume (TLV) 2 of fuelwood exceeded total allowable cut (TAC) 3 by 50% between 1991 and 2005 ( Table 1) . Instead of the 42,964 m³ of fuelwood as approved in FMPs, fuelwood production data stood at 64,537 m 3 -an indication that overharvesting occurred in FMU I, VIII and IX (see Table 1 ). Although the TAC was highest for FMU I, the TLV is almost as twice as the approved fuelwood data in the FMPs for FMU VIII (97%). Therefore, FMU VIII corresponds to the unit with the highest TLV in excess followed by FMU I (61%) and then FMU IX (14%) respectively.
Aside from the individual FMUs that indicated an excess of TLV when compared to TAC, the pattern remains much the same for the period 1994-2004 for all the surveyed FMUs ( Figure 3 ). This indicates that overharvesting was common in the study area despite the availability of approved management plans that stipulated the required quantities of fuelwood to be logged. In addition, the year 2002 recorded the highest overharvesting figure during which 8872 m 3 of wood were logged -a quantity considered 50% in excess when compared to data on the approved management plans. On the other hand, the AAC in excess of ALV in 1993 could be linked to the fact that only information for FMU I was provided for that year.
Tree inventory
In all, 8006 trees of different sizes were inventoried out of which 44% were found in FMU I, 30% in FMU VIII and 26% in FMU IX across three diameter classes (Table 2 ). In addition, more than 50% trees were ˂10 cm in diameter with fewer trees in the ≥25 cm diameter class. Such results indicate that the 50% trees of harvestable sizes expected to be kept as a minimum safeguard measure for the sustainability of fuelwood production have, so far, not been conserved. A total of 741 stumps were inventoried of which 75% were in line with the harvesting prescription as indicated in the FMPs (10-25 cm), 15% were above the required diameter (>25 cm) while 10% was ˂10 cm (Table 2 ). Tree diameters in the Sahel are found within the 10-25 cm diameter class which explains why fewer trees exceeded 25 cm. Aside from stumps, the basal area of trees was inventoried in 43 of the 45 selected parcels within the three FMUs. The least basal area (1 m 2 /ha) was recorded in 6 parcels, 5 of these parcels being located in FMU IX and the sixth being in FMU I. The highest basal area (6 m 2 /ha) was recorded in parcel 13 of FMU I (Figure 4 ). On average, the basal areas across 
Other activities observed in the forest
Through observation, grazing was identified in 72% of all the inventoried plots (Table 3 ). In addition, unauthorized burning observed as scars on trees, burnt stumps and vegetation occurred in 61% of the 135 plots inventoried. Furthermore, two of the parcels (parcel 6 in FMU VIII and 11 in FMU IX) were completely converted to farmlands -threatening the sustainability of fuelwood production in Burkina Faso.
Discussion
The discussion concerns three points: logging activity and overharvesting, tree diameter in inventoried FMUs and other activities observed in the forest such as bush fire, grazing, and conversion of forest to farmlands and the potential impact of all these activities on REDD+ in Burkina Faso. 
Logging activities and overharvesting of fuelwood
The approved 'slant cut' at 15 cm above the ground was not respected. Instead 'ring cuts' dominated in the logged FMUs because of the use of rudimentary tools such as axe heads and cutlasses. The disadvantage of 'ring cuts' is the accumulation of water when it does rain, thereby increasing the chances of stump mortality. A change in technology from axe and cutlass to chain saw can easily provide the approved 'slant cut' on logged wood. This is because trees in the Sahel can regenerate naturally but silvicultural practices such as logging specification can affect regrowth as corroborated by studies in Burkina Faso [29, 36] . Illegal logging activities were observed in some of the FMUs during the field work, a practice that Nsita [38] describes as common in most JFM areas in developing countries. Some possible explanations for illegal logging activities include corruption, poor monitoring of common pool resources and lawlessness. Such activities could contribute to overharvesting and forest degradation thereby reducing the potential of trees to mitigate the effects of climate change by being carbon sinks. Studies in Sub-Saharan Africa and Europe agree that economic motivation undermines environmental consideration which causes violation of approved guidelines in FMPs [39] [40] [41] [42] .
Overharvesting occurred in more than 50% of forested land based on our results. This indicates that sustainable fuelwood production in Burkina Faso needs to be reinforced, as is corroborated by earlier studies in Cameroon [4] and Ghana [43] . Since approximately 80% of the population in Burkina Faso depends on fuelwood, which is forecast to increase in the next decade [1] , overharvesting is likely to continue. This is because amidst the wood energy crisis, alternative sources of household energy such as solar, wind and biogas energy are yet to be fully implemented partly because of poverty [16] . More than 46% of Burkina Faso's population lives below the national poverty threshold [44] . There is also government inertia; and another problem is environmental factors. Wind energy is identified as the least favoured form of renewable energy in Burkina Faso given the low wind speed in the country [45] . Furthermore, jatropha and several agricultural crops that are known to thrive on arid lands appear to be potential feed stocks for ethanol and biodiesel production. Only a few of these crops have been assessed from a technical and economic perspective in Burkina Faso as opposed to countries such as Brazil that for decades have benefited from the production and use of biodiesel [46, p. 10] .
On the other hand, Burkina Faso's relatively higher solar energy potential continues to attract both national and international organizations and companies to invest in Solar Pv Off-Grid Power Systems across the country. In 2014, the European Investment Bank granted a twenty-year loan to support one of the largest photovoltaic power stations in sub-Saharan Africa. This huge project at the outskirts of Ouagadougou (capital city of Burkina Faso), was expected to be completed in August 2017, but is behind schedule [47] . Although such a project in principle is capable of reducing the proportion of those without access to electricity, less than 5% of the rural population in Burkina Faso have access to electricity [47] . Furthermore, a recent study across 33 villages in Western Burkina Faso found out that photovoltaic solar energy systems were mostly used for local businesses [48] . Accordingly, wood energy is a major source of household energy for cooking especially in the rural areas. Therefore, overharvesting of fuelwood goes beyond the demand factor to include poverty, government inertia, urbanization, inadequate policies, poor monitoring of common pool resources and the lack of sufficient and affordable alternative energy sources [49] .
Tree diameter in inventoried FMUs
Results indicated that the forests in the study area are largely dominated by smaller trees (56% of class ' A'). If the minimum safeguard measure to preserve 50% trees in each parcel that are of harvestable sizes is respected, fewer trees with <10 cm in diameter will be found in each FMU, a confirmation that the approved management plans were breached. Njepang [50] in his study of tropical moist forests in Cameroon also showed that the number of trees per hectare decreases from smaller to larger diameter class. Another study in the boreal forest indicated that tree diameter in uneven-aged forests had fewer trees as the diameter class increases [51] . Such findings indicate an increasing rate of forest degradation driven by unsustainable practices.
Activities observed in the forests
Herds of cattle were observed in the FMUs during the inventory and grazing reduces the potential of tree regrowth because most of the Sahelian tree species are palatable and constitute an important source of fodder for livestock. Fodder trees, e.g. pterocarpus erinaceus were observed to have been harvested shortly after sprouting by herdsmen and some of these affected trees could barely survive. Cattle harders often ran away when they encountered the inventory team in the FMUs with the fear that it was the forestry service officials looking for defaulters. Dayamba et al. [36] in their study in Burkina Faso show that uncontrolled grazing can lead to forest degradation, unplanned forest lost or deforestation and also limit the recruitment of seedlings. Another study in Burkina Faso showed that the trampling effect of cattle on the soil reduces the infiltration capacity of water thereby reducing water available to plants [52] .
Fire was also observed in the FMUs although prescribed early burning is recommended as a forest management technique that breaks seed dormancy. Some of the causes of bush fire mentioned by resource persons include cattle herders who camp at night in the forest using fire for warmth, and uncontrolled burning of agricultural waste by farmers close to the forest. Since average temperatures are relatively higher in the Sahel and accompanied by strong winds, the dry forest of Burkina Faso easily supports fire -a view reaffirmed by a study in Central Africa [53] . Furthermore, Sankaran et al. [54] reported that lack of fire breaks at the edge of FMUs assists fires to spread across the forest in the event of an outbreak. The consequences therefore include the destruction of forest vegetation and increase in tree mortality -a finding that is supported by the Forestry Research Institute of Ghana [55] .
The conversion of forest to farmlands is illegal but was observed in two parcels that were completely converted to farmlands. Field expansion into community forest areas in Burkina Faso is driven by several factors such as poor monitoring of forest, low farm productivity, scarcity of arable land owing to population increase especially in southern Burkina Faso -a view supported by two studies in sub-Saharan Africa [38, 56] . Population increase combined with agricultural expansion and migration is a threat to environmental sustainability in the FMUs within this region [31] . The soils in the JFM are fertile and some farmers tend to expand their fields into forest areas in order to increase farm productivity in southern Burkina Faso [30] . The conversion of forest to farmlands not only releases carbon dioxide into the atmosphere but also affects the products and services derived from the forests. Therefore, if the current trend continues, deforestation and forest degradation are likely to undermine REDD+ in Burkina Faso. Bray et al. [49] emphasize that JFM areas are vulnerable to encroachment by farmlands owing to the lack of capacity to monitor and to enforce existing laws.
There is also uncertainty about the boundaries of certain parcels as a result of the rearrangement of the FMUs in 2008. Some small parcels were merged, the larger ones were divided, and others were given to the community for farming activities. This rearrangement has led to confusion even for CAF members. Some farmers are exploiting this weakness because the soils in this region and the climatic conditions are the best for rain-fed agriculture compared to other parts of the country. Land use scarcity has tempted some community members to take advantage of the poorly defined boundaries of the FMUs to establish their farms even within FMUs as identified in two parcels in our study. Yadav et al. [57] argue that poorly defined forest boundaries make community forest vulnerable to agricultural expansion.
Conclusion and policy recommendations
Overharvesting is a major problem in the study area because fuelwood production data exceeded data from approved management plans by 50%. Deforestation and forest degradation (DD) were clearly observed through the conversion of forests to farmlands, overharvesting and the dominance of trees with smaller diameter-an indication that the management plans are not respected. In addition, the slant cut on logged wood was ignored and so were other minimum safeguard measures in the approved FMPs such as the requirement that 50% standing volume of wood of harvestable sizes must be preserved in each parcel. There was almost no evidence that there was nil harvesting in parcels with fewer than 200 trees/ha of which such parcels were to be accompanied by direct seeding. The implication is that DD does not only release carbon dioxide into the atmosphere but the FMUs are likely to suffer from degradation, thereby affecting ecosystem goods and services derived from the forests while reducing their potential to mitigate the effects of climate change. We recommend a switch of technology used in logging from the traditional axe and cutlass to chainsaw. This will not only provide a 'slant cut' easily but also save time and labour. Despite the financial benefits received from the sale of fuelwood, the present level of fuelwood production in Burkina Faso is not sustainable. Therefore, to ensure the sustainability of fuelwood production in Burkina Faso needs more than approved management plans to include technological change, capacity strengthening, political will and the firm application of the law with appropriate penalties for infractions.
Notes
1. This means to reduce emissions from deforestation and forest degradation, and foster conservation, sustainable management of forests, and enhancement of forest carbon stocks (REDD+) [22] . 2. Total logged volume (TLV) and fuelwood production data will be used interchangeably. 3. Total allowable cut (TAC) and approved fuelwood data on management plans are the same in the context of this study.
